Abstract-In the fifth-generation mobile communication system (5G), the millimeter wave band wireless communication is highly expected that it increases the network capacity drastically. The radio propagation characteristics in the millimeter wave band are thought to be quite different from the microwave band that has been used for the current mobile wireless communication. And it is needed to clarify those differences in a comparative way for investigating the feasibility of millimeter wave communication system in the actual environment. Author's research group has conducted channel measurements in several super high frequency (SHF) bands and investigated the frequency characteristics of the propagation channel to solve the issue. In this paper, we conducted the channel measurements in 3 GHz, 10 GHz and 28 GHz bands in a small room environment. The delay and both the azimuth and the elevation directional characteristics of the channels were investigated by using the virtual cylindrical array. The results showed that not only the reflection from walls but also the reflections from the floor and the ceiling were also significant in the early propagation delay region. The results are expected to be utilized for the system deployment of millimeter wave communication system.
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I. INTRODUCTION
In the fifth-generation mobile communication system (5G), the millimeter wave band wireless communication is highly expected that it increases the network capacity drastically. And now, the 5G commercial service plans to start in 28 GHz band in 2020. Although many measurement results in the millimeter wave band have been reported in [ [7] for developing the millimeter wave channel model, which is necessary to evaluate the system performance and to design it, the more microscopic investigations are still required to clarify the feasibility of system in the actual environments. Especially, the investigation of the difference between the millimeter wave channel compared with the current microwave band channel is the useful knowledge to solve the issues.
Author's research group has conducted the channel measurement to solve the issue [8] . The measurements were conducted in several frequency bands at the same measurement points and the same measurement bandwidth by the vector network analyzer (VNA) based channel sounding system. The delay and azimuth directional characteristics of the channel were investigated by the virtual uniform circular array (UCA) measurement. Although the frequency characteristics of reflection waves were discussed in the literature, it is also known that the radio wave interactions between the floor and the ceiling are also dominant in indoor environments [9] In this paper, we conducted the measurements in 3 GHz, 10 GHz, and 28 GHz band by using the virtual cylindrical array in order to solve the issue. The delay and both the azimuth and the elevation directional characteristics of the channel were clarified from the measurement. The results showed that not only the reflection from walls but also the reflections from the floor and the ceiling were also significant in the early propagation delay region. Fig. 1 shows the overview of the channel sounding system that was developed by Aalborg University [10] . The system consists of the VNA, the local oscillator/intermediate frequency (LO/IF) distribution unit, the frequency mixers, and the rotator. The system is capable of measuring the channels in several frequency bands from 2 GHz to 50 GHz band. The system is based on the virtual antenna array measurement method. The VNA and the rotator are synchronized, and the frequency transfer functions of each receiver (Rx) antenna position in a horizontal plane are continuously measured. In this measurement, the Rx antenna height was adjusted manually by using the high-resolution positioner to form the virtual cylindrical array.
II. MEASUREMENT AND DATA ANALYSIS METHOD
In the data analysis, the power delay profile (PDP) and the delay-angular power spectrum (DAPS) of propagation channels are calculated. The measurement data H(i) = (h n,m (i)) is the transfer function at the subcarrier f i at the antenna rotating angle index m ∈ [1, M ] and the antenna height index
is defined as the average impulse responses at all antenna positions as follows.
The delay-angular power spectrum ψ(τ, φ, θ) at the propagation delay τ , the azimuth angle of arrival (AoAazm) φ, and the co-elevation angle of arrival (AoAelv) θ is calculated by the measurement data and the array response α(τ, φ, θ) = (α i,n,m (τ, φ, θ)), which is defined by the wave vector k i (φ, θ) and the physical antenna position vector r n,m of the virtual array.
Here, c is the speed of light, r is the rotation radius of antenna, P n,m (φ, θ) is the antenna radiation pattern. Finally, the DAPS ψ(τ, φ, θ) is calculated as follows. 
III. CHANNEL MEASUREMENT IN SEVERAL SHF BANDS
We conducted the channel measurements in several SHF bands in an indoor environment to investigate the frequency characteristics of the propagation channel. The measurement site map and the measurement photo are shown in Fig. 2 and  3 . The measurement site was a small empty room, which size was approximately 8 m × 9 m. There were no furniture and obstacles in the environment. The center frequencies were 3 GHz band, 10 GHz band, and 28 GHz band. And the measurement bandwidth was 2 GHz, and the number of frequency sampling point was 750 in all conditions. The transmitter (Tx) antenna was a biconical antenna. The antenna was almost omnidirectional in the horizontal plane, but the beamwidth in the vertical domain became narrower in the higher frequency case. Therefore it is necessary to take effect into account. The Rx antenna was a modified biconical antenna [11] in the 3 GHz and the 10 GHz band cases. The elevation radiation pattern discrepancy of the antenna in different frequency bands was suppressed compared with the commercial one. The Rx antenna was a 10 dBi standard gain horn antenna in the 28 GHz band case. Both the Tx and the Rx antenna heights were 1.7 m. The Rx-side virtual array was the 5400-elements cylindrical array whose radius was 0.24 m and the vertical step was 0.5 wavelength. The array factors in each frequency band were different, which originated from the differences of the array size in terms of the wavelengths and the antenna radiation patterns. it should also be considered in the evaluation. Other measurement parameters are summarized in Table I 
IV. MEASUREMENT RESULT
The PDPs in each frequency band are shown in Fig. 4 , 5, and 6. The PDPs were normalized by the total receiving power. In all cases, the direct propagation waves were significant, and the other peaks of reflection waves were more than 10 dB lower than the direct propagation waves. In 3 GHz and 10 GHz cases, the peaks were relatively dull in the delay domain. This is because the omnidirectional antennas were used in those bands, and the peak consisted of the summation of signals which were measured at many different antenna positions. Another significant peak was observed at 20 ns of propagation delay in 3 GHz case, and it is thought to be the reflections from the floor and the ceiling. The PDPs roughly followed the exponential decay, but the result showed that the decay constant slightly increased as the center frequency increased. The reason is thought to be the increase of penetration loss of the walls, the floor, and the ceiling.
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Reflection (wall)
Reflection (floor, ceiling) The DAPSs in each frequency band are shown in Fig. 7,  8 , and 9. In the figures, both the delay-AoAazm spectrum ψ azm (τ, φ) and the delay-AoAelv spectrum ψ elv (τ, θ) were shown respectively, and those are defined as follows.
In the figures, the spreads of spectra were observed even in the direct propagation waves owing to the sidelobe of the power spectrum. The sidelobe levels were relatively severe in 3 GHz and 10 GHz band cases because the omnidirectional antennas were used. The spectra also spread in the delay domain because the distance resolution of the measurement was higher than the physical array size, and the difference of signal receiving time at each antenna element position of UCA appeared in the spectrum. In 3 GHz band case, reflection waves LoS Reflection (wall) from the floor and the ceiling were observed at approximately 20 ns of the propagation delay, which was described in the previous paragraph. The reason why the reflections were not observed in other frequency bands is thought to be that the high elevation AoA of the incoming waves and the narrower vertical beamwidth of the antennas. After 25 ns of the propagation delay, it is thought that reflection waves from the walls became dominant. Although the spectra spread in the AoAazm domain, it concentrated on the horizontal direction in the AoAelv domain. The diffuse scattering was significant in the lower frequency case. However, the effect of severe power spectrum sidelobe in the lower frequency band should also be considered for the further detailed analysis.
V. CONCLUSION
In this paper, propagation channel measurements were conducted in 3 GHz, 10 GHz, and 28 GHz band in an indoor environment to clarify the frequency characteristics of the SHF band channel for the 5G network. The propagation delay, the AoAazm, and the AoAelv domain power spectra of the channels were evaluated by the virtual cylindrical array antenna measurement. The measurements were conducted at the same measurement point and the same measurement bandwidth to clarify the frequency characteristics in detail. The results showed that not only the reflection from walls but also the reflections from the floor and the ceiling were also significant in the early propagation delay region. The contributions of specular waves were significant compared with irregular scattering waves in the higher frequency band, especially in the long propagation delay region. The result also showed that the differences of antenna radiation pattern in each frequency band also caused the different behavior of the measurement data. The further detailed investigation will be the future work.
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